We perform the comprehensive analysis of the polarization effects on the e + e − → W + W − process in the presence of the extra neutral gauge boson at the LC energies. Consideration of the polarizations of the produced W bosons and the beam polarizations provides substantial enhancements of the sensitivity to the Z-Z ′ mixing angles in various models and the asymmetry variables also give the strict constraints on the mixing angles. We find that the χ-model and the left-right model get the strict constraint from σ unpol LL while the ψ-model and the η-model from the beam polarization asymmetry.
I. INTRODUCTION
Pair production of W bosons is one of the principal process to study the electroweak gauge symmetry in the future e + e − linear colliders (LC). The cross section for e + e − → W + W − and its angular distribution depend upon various properties of the W boson such as mass, decay widths etc.. This process is also sensitive to the triple gauge boson couplings (TGC) of the W W γ and W W Z vertices which enable us to study the nonabelian nature of the gauge structure for the electroweak theory of the Standard Model (SM). These analyses can be carried out at the LC energies ( √ s ≥ 500 GeV), promising sensitivities of order 1 % and expected better [1] .
Polarizations of the electron and positron beams provide very effective tools to investigate the new physics effects, particularly useful for the e + e − → W + W − process. Using the right-handed polarized electron beam, the t-channel neutrino exchange diagram of the SM depicted in Fig. 1 (a) is switched off, which occupies a large fraction of the events.
The absence of the SM t-channel contribution results in the sensitivity to the existence of remaining new physics effects in the charged current sector and the relative enhancements of them in the neutral current interactions by the great reduction of the SM background.
Furthermore each helicity channel shows peculiar behavior depending upon the beam polarizations. Therefore it would be fruitful in search of the new physics beyond the SM to consider the polarization observables together with beam polarizations at this process.
In many scenarios that the gauge symmetries of the SM are extended by adding extra symmetries or embedded into a larger gauge group, we have one or more new heavy neutral gauge bosons. The recent bounds of the new gauge boson masses come from the direct search at pp collider via Drell-Yan production and subsequent decay to charged leptons [2] while indirect constraints for the Z ′ mass and mixing angles are given from high precision LEP data at Z peak energy and various low energy neutral current experiment data [3] [4] [5] [6] [7] [8] .
In the present work, we consider
with an Z ′ boson involved in SO(10) and string inspired E 6 grand unified theories (GUTs), which are theoretically well-motivated and have been extensively studied in both theoretical and experimental fields [9, 10] . Here, k i and p i denote the particle momenta while κ In this paper, we present the comprehensive analysis of the polarization effects on the W pair production at the e + e − collider with an Z ′ boson at √ s = 500 GeV and 1 TeV, which are typical center-of-mass (CM) energies of the LC [1] . Similar analyses on this topic have been done previously in the case that the Z ′ mass is about a few hundred GeV [11, 12] , that the incident beams are polarized [13] , and that one focuses on the backward direction enhancements [14] . Our analysis is performed with the polarized cross sections of the produced W pair and the asymmetry variables with or without beam polarizations.
We assume that the mass of the Z ′ boson is quite large and the Z ′ effects contribute to the process through only the mixing angle ξ. This paper is organized as follows. In Section II, we briefly review the models involving the additional Z ′ bosons: the extra U(1) symmetries and the left-right (LR) model. We calculate the helicity amplitudes and discuss the possible enhancements of the Z ′ effects for the polarized cross sections in Section III. More analyses on the asymmetry variables are given in Section IV. Finally we conclude in Section V.
II. THE MODELS
When the unifying gauge group breaks to its subgroups, extra U(1) often appears in many GUT models as an intermediate stage involving an additional neutral gauge boson.
Here we consider the χ, ψ and η models which occur in the symmetry breaking of SO (10) or string inspired E 6 GUTs according to the path of the gauge symmetry breaking pattern: (10)×U (1) ψ , E 6 → rank 5 groups, respectively. In the latter case, the corresponding Z 
gauge group is also considered, which is another subgroup of SO (10) .
In the presence of extra neutral gauge bosons, the relevant terms of the most general lagrangian is given by
where
In the case of an additional U(1), the charged current interaction term L CC is same as that of the SM. The model parameter h f 0V and h f 0A are listed in the Table I and the coupling constant of the Z 2 boson is given by
where λ g depends on the symmetry breaking pattern and of O(1) [9] . We let λ g = 1 assuming that the gauge group breaks directly to SU(3 Table 1 . The vector and axial-vector couplings of charged leptons to the Z ′ gauge boson in the SO(10) and E 6 GUT models.
After diagonalizing the mass matrix, we define the mass eigenstates of neutral gauge bosons as
where the mixing angle ξ is given by
In terms of Z and Z ′ states, the neutral current interaction terms are written as
with the vector and axial-vector couplings
by keeping the leading order in ξ. Since there are no corrections to the charged current sector in this case, the new physics effects reside in the mixing angle ξ only.
In the case of the LR model, one can find the detailed review of the LR model lagrangian in Ref. [8, 10] and references therein. Here, we follow the formulae of Ref. [8] . . After the diagonalization, we write the neutral current sector
where c i = cos θ i , s i = sin θ i and c ξ = cos ξ, s ξ = sin ξ. Here g L is the gauge coupling constant of SU(2) L group, g R is that of SU(2) R , g 1 is that of U (1) and S is the U(1) charge.
Since we consider the general case of the model, g L need not be same as g R . Looking at the couplings to the photon, we define the electric charge Q = T L3 + T R3 + S and obtain the relations among the couplings:
The neutral current coupled to the Z boson up to the leading order in ξ is given by
In the LR model, there is also a mixing in the charged current sector which affects the t-channel diagram. However if we fix the final states as the ordinary W boson pair, both of the charged current interactions should be right-handed and the exchanged neutrino is also the right-handed one. As a result, the correction to the t-channel diagram is suppressed by the quadratic factor of the W boson mixing angle and the inverse of the heavy right-handed neutrino mass even in the leading order of corrections. It is natural to regard the mixing angle of the charged current sector as the same order of magnitude of that of the neutral current sector. Hence we can safely neglect the corrections of the LR model to the t-channel when keeping the leading corrections of extra gauge boson effects.
We conclude that we can concentrate on the correction to the Ze + e − vertex for the Z ′ boson effects even in the LR model.
III. W BOSON PAIR PRODUCTION
The W pair is produced through the s-channel diagrams mediated by neutral gauge bosons and the t-channel mediated by neutrino shown in Fig.1 . Denoting the helicity of the electron by κ = ±1 and the helicities of the W − and W + bosons by λ 1 and λ 2 , respectively as in the Eq. (1), the helicity amplitudes are given by
where the Ze + e − coupling is
The M κ i are given by
where ω κ is the helicity projection operator and ǫ *
Keeping only the leading corrections in ξ, the scattering amplitude is written as
where h e 0V and h e 0A are model-dependent parameters given in the previous section. Hereafter we drop the superscript e.
In the CM frame, the helicity amplitudes are given by
and
where β = 1 − 4m 2 W /s, theta is the scattering angle and
with g V and g A given in Eq. (8) . The CP invariance leads to
These results agree with the formulae in Ref. [15] .
The differential cross section is obtained by the sum of the polarized cross sections
where P − (P + ) is the polarization of the electron (positron) beam and the polarized differential cross sections are given by
In order to estimate the search bound of the Z ′ contributions, we take the linear approximation of the cross section under the assumption that the mixing angle ξ is very small:
We plot the ratio of the correction term σ 1 to the SM cross section σ SM with varying the CM energy √ s in Fig. 2 and 3 , when the electron beam is unpolarized and right-handed polarized respectively. When the unpolarized electron beam is used, the large neutrino exchange t-channel contribution conceals the new physics effects. Considering the cross section of both longitudinally polarized W boson pair, however, we find that |σ 
which rapidly increases along with the CM energy and results in the sensitivity to the Z ′ effects. We expect to probe the mixing angle ξ more precisely from the observable σ LL than from the total cross section.
Even though the polarized cross section σ LL is sensitive to the mixing angle ξ, we should put up with a statistical loss because σ LL is much smaller than σ tot . Alternatively we suggest to use the right-handed electron beam which avoids masking the large t-channel contribution and also show the remarkable feature like Eq. (23). All of the SM helicity amplitudes for right-handed electron beam, M + SM , are proportional to the factor Table 2 . The reaches of the bounds of the mixing angle ξ from the cross section for the both longitudinally polarized W pair with unpolarized e − beam and the total cross section with 90% right-handed polarized e − beam. The angular cut | cos θ| < 0.9 is applied.
Considering the statistical error and 1% systematic error, the expected bounds of the mixing angle ξ are derived from the polarization observables discussed above at 95% C.L.
with the angular cut | cos θ| < 0.9 and presented in Table II . The integrated luminosities are taken to be as L = 50 fb −1 for √ s = 500 GeV and L = 200 fb −1 for √ s = 1
TeV [1] . Note that the generation of 100% polarization of the electron beam is hardly reached in practice. We consider the expected polarization of the e − beam as 90% here.
In this case, it still makes a contamination from the neutrino exchange t-channel of the SM contribution, especially in the forward scattering region. The angular cut may reduce the contamination from the t-channel, which should be introduced by the practical reason of the detector geometry. We find that more strict bounds on ξ are derived from σ 
IV. ASYMMETRIES
Parity violation of the electroweak theory is implied by the asymmetry between the left and right couplings of the weak neutral current interaction. The asymmetry variables are essential touchstones to explore the gauge structure of the SM. Labelling the cross sections of the e + e − → W + W − process by the direction of W ± bosons and the helicity of the incident electron beam, we define the forward-backward asymmetry
and the beam polarization asymmetry
where σ L(R) is the cross section with the left-(right-) handed electron beam.
We show the forward-backward asymmetry for each model in the Fig. 6 with respect to the mixing angle ξ to estimate the bounds of it. The beam polarization asymmetry can be defined by both the differential cross sections and integrated ones. Figure 7 shows the one from the total cross sections with respect to ξ while Fig. 8 shows the asymmetries from the differential cross sections with respect to cos θ. The dotted and dashed lines in the Fig. 8 is corresponding to the most recent bounds on the mixing angle ξ given in Ref. [5, 8] . By means of the same manner in the previous section, we estimate the reaches of the bounds of ξ from the asymmetry variables and present the results in Table III . We consider the 1% systematic and the statistical errors at 95% C.L.. It is to be noted that the lower bound of ξ from the forward-backward asymmetry should not be considered seriously since the higher order corrections in ξ become important as shown in the Fig. 6 . 
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